A series of Ru(IV)-oxo complexes (4-6) were synthesized from the corresponding Ru(II)-aqua complexes (1-3) and fully characterized by 1 H NMR and resonance Raman spectroscopies, and ESI-MS spectrometry. Based on the diamagnetic character confirmed by the 1 H NMR spectroscopy in D 2 O, the spin states of 5 and 6 were determined to be S = 0 in the d 4 configuration, in sharp contrast to that of 4 10 being in the S = 1 spin state. The aqua-complexes 1-3 catalyzed oxidation of alcohols and olefins using (NH 4 ) 2 [Ce IV (NO 3 ) 6 ] (CAN) as an electron-transfer oxidant in acidic aqueous solutions. Comparison of the reactivity of electrochemically-generated oxo-complexes (4-6) was made in the light of kinetic analyses for oxidation of 1-propanol and a water-soluble ethylbenzene derivative. The oxo complexes (4-6) exhibited no significant difference in the reactivity for the oxidation reactions, judging from the similar 15 catalytic rates and the activation parameters. The slight difference observed in the reaction rates can be accounted by the difference in the reduction potentials of the oxo-complexes, but the spin states of the oxo-complexes have hardly affected the reactivity. The activation parameters and the kinetic isotope effects (KIE) observed for the oxidation reactions of methanol indicate that the oxidation reactions of alcohols with the Ru IV =O complexes proceed via a concerted proton-coupled electron transfer mechanism. 
Introduction
High-valent metal-oxo complexes are one of the most important classes of compounds because of their indispensable roles as reactive intermediates in a number of biological and chemical oxidation reactions.
1-3 Therefore, formation and reactivity of 25 high-valent metal-oxo complexes and the reaction mechanisms have been intensively investigated for these decades. [4] [5] [6] [7] [8] [9] [10] One of the major procedures to form high-valent metal-oxo complexes is proton-coupled electron-transfer (PCET) oxidation of metal-aqua complexes using water as an oxygen source of the oxo ligand.
11,12 30 The PCET pathway plays an important role in the oxygenevolving complex (OEC) in photosystem II. 13, 14 OEC consists of a tetranuclear Mn-oxo cluster residing at the reaction center and the cluster catalyzes four-electron oxidation of water to evolve molecular oxygen. It has been proposed that an aqua-ligated 35 manganese site in the cluster is oxidized to generate a Mn V =O species via a PCET process and the resulting Mn V =O to species acts as a reactive intermediate to oxidize a water molecule give molecular oxygen. 13 Meyer and co-workers have developed catalytic water- 40 oxidation systems using Ru(OH 2 )-polypyridyl complexes 11 and mechanisms of catalytic water-oxidation systems using Ru V =O complexes produced via PCET reactions with one-electron oxidants have been extensively studied. [15] [16] [17] [18] In addition, Ru IV =O complexes, which are formed by PCET oxidations of 45 corresponding Ru(II)-aqua precursor complexes, have also been intensively investigated to gain mechanistic insights into the oxidation reactions of organic substrates. 19 However, as far as we know, few catalytic oxidation systems for organic substrates have been reported, including PCET processes to generate an active 50 metal-oxo species. 12b Recently, we have reported catalytic oxidation systems, where a PCET oxidant was employed to oxidize Ru II -OH 2 complexes (1 and 2) to form the corresponding reactive Ru IV =O complexes (4 and 5) and organic substrates such as alcohols and olefins were catalytically oxidized with high efficiency to give a single oxidized product from a substrate. 20, 21 We report herein a novel Ru II -OH 2 complex (3) with a pentadentate N4Py ligand (N4Py = N, N-bis(2-pyridyl-methyl) -Nbis(2-pyridyl)methylamine) 22 as a candidate for an oxidation catalyst of organic substrates. We have also prepared a new 5 Ru(IV)=O complex (6) in an S = 0 spin state. 20b Including the former Ru II -OH 2 complexes (1 and 2), are available three different precursor complexes with similar ancillary ligands as tris(2-pyridylmethyl)amine (TPA) derivatives. Those precursor complexes can be oxidized to afford corresponding Ru IV =O 10 species exhibiting different reduction potentials and different spin states. Therefore, by preparing the three different Ru(IV)=O complexes (4 6 in Fig. 1 ), we can investigate the details on the influence of difference of spin states of Ru IV =O complexes on the reactivity together with mechanistic insights into oxidation of 15 organic substrates on the basis of kinetic analysis. In addition, we examined the effect of the reduction potentials of the active metal-oxo species on the PCET reactivity.
Results and Discussion
Molecular design and synthesis 20 Herein, we have prepared three kinds of ruthenium(II)-aqua complexes (1-3 in Fig. 1 ), which have TPA and its derivatives, 2-(6-carboxyl-pyridyl)methyl-bis(2-pyridylmethyl)amine (6-COOH-TPA) 22 and N4Py as ligands. As we reported previously, the Ru IV =O complex with TPA (4) was revealed to be in the S = 1 25 spin state in water, 20a whereas the Ru IV =O complex with 6-COO --
TPA (5) showed the unprecedented spin state, S = 0, in water. 25 65 however, that of Ru-N1 (tertiary amino nitrogen) is relatively shorter as compared to other Ru-Nx (x = 2~5) distances: The short bond between Ru and N1 should be derived from the strong σ-donation of the tertiary amine properties of N1. The bond length of Ru-O1 (2.172(5) Å) was slightly longer than those 70 reported so far for Ru II -OH 2 (2.10-2.14 Å). 26 The number of the counter anions and the bond distances around the Ru center strongly indicate that the oxidation state of the Ru center should be +2. The Ru center was positioned in mean planes consisting of O1-N1-N2-N4 and O1-N1-N3-N5 with the deviations from the 75 planes to be 0.024 and 0.021 Å, respectively. On the other hand, the Ru center is largely deviated from the mean plane consisting of N2-N3-N4-N5 to the opposite direction of N1 with the distance of 0.263 Å. This deviation was also related to the fact that all the bond angles of N1-Ru-Nx (x = 2~5) for five-80 membered chelate rings are smaller than 90° (Table S1 in Electronic Supplementary Information (ESI)) and that the bond angles of N2-Ru-N4 (165.38(18)°) and N3-Ru-N5 (165.14(19)°) are both much smaller than 180°. In addition, a trend was 
N3
Ru observed that the pyridine rings bonded to the methine carbon of the N4Py ligand (pyridine rings containing N2 and N3) were largely tilted relative to an equatorial plane compared to the pyridine rings bonded to the methylene carbons (pyridine rings containing N4 and N5). The dihedral angles between the O1-N1-5 N2-N4 plane and the N2-and N4-pyridine rings were 30.5° and 13.5°, respectively, and those between the O1-N1-N3-N5 plane and the N3-and N5-pyridine rings were 51.4° and 12.4°, respectively. The tilting may disturb the efficient π-back donation from the Ru center to the pyridine rings. As a result of the 10 distortion of the coordination environment around the Ru center, the Lewis acidity of the Ru center should increase.
Spectroscopic and electrochemical characterization of 3
The spectroscopic titration of complex 3 was performed in Britton-Robinson (B.-R.) buffer 27 by addition of a 10 M NaOH 15 aqueous solution using absorption spectroscopy. On the basis of the absorbance changes, the pK a values of the aqua ligand in 3 were determined as shown in Fig. S1 
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Electrochemical oxidation of the aqua complexes 1-3 at +1.3 V (vs. SCE) in B.-R. buffer clearly indicated the two-step spectral changes due to generation of the corresponding Ru(III) complexes and the Ru(IV)-oxo complexes with clear isosbestic points (Fig. 4) . The reactions were completed in 1 h. In the case 55 of 1, the electrochemical oxidation for the first 30 min gave rise to the spectral change with two isosbestic points at 565 and 256 nm and a new broad absorption band around 500 nm, as shown in ESI-MS spectrum was measured for the aqueous solution of 6 generated by the oxidation with CAN and a peak cluster was than those of 3 with Ru(II), and thus, the Lewis acidity of the Ru center should be enhanced in 6 to exert stronger electronwithdrawing effects on the ligand. Characteristic differences in the 1 H NMR spectra between 3 and 6 were observed for the signals of 6-Hs of the pyridine rings bonded to the methylene 45 carbon (doublet), the proton of the methine carbon (singlet), and the methylene protons (AB quartet); the shift widths (Δδ) for the proton signals from complex 6 to 3 were -0.40, +0.97, +0.95 and +1.24 ppm, respectively. The large downfield shifts of the methine-and methylene-protons may be ascribed to the effect of 50 the increase in the oxidation number at the Ru center as a Lewis acid, affecting most strongly the σ-donating amine nitrogen (N1) of the N4Py ligand through the strong σ-bond between them. The effect of oxidation of the Ru center also strongly influences the electronic states of the carbons adjacent to the amine nitrogen. 55 The upfield shifts of 6-Hs of the pyridine rings bonded to the methylene carbon (N4-and N5-pyridine rings) 32 is probably ascribed to the tilt of the pyridine rings, which is caused by the steric effect of the additional coordination of a water molecule (vide infra). As a result of the tilting, the 6-Hs are located on the 60 ring currents of the pyridine rings bonded to the methine carbons (N2-and N3-pyridine rings). (Table 2 and Fig. S11 in ESI) . As control experiments, we examined the reactions of the substrates listed in Table 2 with CAN under the same reaction conditions except the absence of the catalysts to confirm that the substrates employed were almost intact and persistent against CAN under the reaction 35 conditions.
Origins of the unusual

33
In the case of oxidation of benzyl alcohol derivatives, the twoelectron oxidation occurred to give the corresponding aldehydes for primary alcohols (entries 1-4) and ketone for a secondary alcohol (entry 5). 1-Propanol underwent the four-electron 40 oxidation to afford propionic acid (entry 6) and 2-propanol was converted to acetone via the two-electron oxidation (entry 7). Methanol with the C-H bond dissociation energy of 96.0 kcal mol -1 34 could be oxidized to afford formaldehyde through the two-electron oxidation (entry 8 eight-electron oxidation (entry 10). A water-soluble ethylbenzene derivative was also converted to afford the acetophenone derivative via a four-electron oxidation (entry 11). The oxidation efficiency for alcohols except methanol is nearly 100% in common with all the three catalysts. On the other hand, 60 the oxidation of olefins with catalyst 3 exhibited relatively low efficiencies compared to the catalysts 1 and 2. The reason for the low efficiency is probably due to the difference in the stability among the three catalysts: The catalyst 1 is remarkably robust under catalytic conditions and alive even after more than 2500 65 catalytic cycles, 20a whereas the catalyst 3 was not so stable and gradually decomposed under the same catalytic reaction conditions. Therefore, the oxidation of olefins, the rates of which were relatively slow as compared to those of alcohols, could not be completed by 3 because the catalyst 3 decomposed before the 70 completion of the reaction.
Kinetic studies under pseudo-first-order conditions
In order to reveal the reaction mechanisms of the oxidation of organic substrates with Ru(IV)-oxo complexes 4-6 and also to compare the reactivity among the three Ru(IV)-oxo complexes in the light of the difference of the spin states, we performed the kinetic analyses on the quantitative oxidation of 1-propanol with electrochemically generated Ru IV =O species 4-6. The reactions were performed in the presence of an excess amount of 1-5 propanol (25-150 mM) relative to the Ru IV =O species (0.5 mM) in B.-R. buffer and the rate constants were determined by monitoring absorbance changes at 624 nm for 4, 628 nm for 5 and 440 nm for 6 at various temperatures ( Fig. S13 in ESI) . All the time courses of the absorbance changes obeyed first-order 10 kinetics and the pseudo-first-order rate constants were determined with various concentrations of 1-propanol ( Fig. 7 and Fig. S14 in  ESI) . In the oxidation of 1-propanol with 4-6, saturation behaviors of the pseudo-first-order rate constants (k obs ) with respect to concentration of 1-propanol were commonly observed 15 for 4-6 at all the temperatures examined, indicating the existence of pre-equilibrium processes prior to the oxidation. Hence, noncovalent interaction between 1-propanol and 4-6 results in formation of the corresponding precursor complexes. The curve fitting to the plots of k obs relative to concentration of the substrate 20 with Eq. (1) gave the equilibrium constants (K) of
the pre-equilibrium process and the rate constants (k) of the oxidation reactions 35 and those values obtained at various temperatures are summarized in Table 3 . The plots of the 25 equilibrium constants K and the rate constants k relative to inverse of the reaction temperatures (T -1 ) (van't Hoff plots and Eyring plots, respectively; see Fig. S15 in ESI) allowed us to obtain the thermodynamic parameters for the pre-equilibrium processes and the activation parameters for the oxidation 30 reactions, respectively (Table 3 ).
36
As indicated by the thermodynamic parameters for the preequilibrium processes (ΔH and ΔS), the formation of the precursor complexes is exothermic and the order of the ΔH values suggests that the interaction between 1-propanol and the Ru IV =O 35 complexes can be ascribed to the hydrogen bonding. In the hydrogen bonding, the aqua ligand of 4 and the additional aqua ligands of 5 and 6 affording a seven-coordination environment should play an important role to stabilize the adduct between the oxo complexes and the substrate (vide supra). The activation 40 parameters determined from the Eyring plots shed lights on the transition states of the oxidation reactions and provided some 45 fundamentals to consider the difference in the reactivity of 4-6. The activation parameters obtained here for oxidants 4-6 are similar to each other, indicating that the reaction proceeds via similar transition states for the three oxidants in terms of energies and structures. In addition, the negatively large activation 50 entropies suggest the tight interaction between the substrate and the oxidants during the dehydrogenation processes (vide infra). The kinetic analysis was also conducted for the oxidation of sodium 4-ethylbenzene-sulfonate (EBS) with oxidants 4-6 in water at 295 K. Unexpectedly, the pseudo-first-order rate 55 constants (k obs ) exhibited saturation behaviors relative to the concentration of EBS, which has no hydroxy group, in common for all the three oxidants (Fig. S16 in ESI) . The obtained preequilibrium constants and the rate constants for the oxidation of EBS at 295 K with 4-6 are summarized in Table 3c . The 60 equilibrium constants of the precursor complex formation between the oxidant and the substrate in the oxidation of EBS are smaller than those for the oxidation of 1-propanol, whereas the rate constants of the former are larger than the latter. As EBS does not possess any strong hydrogen-bonding sites, the pre-65 equilibrium processes are possibly derived from weak noncovalent interaction between the substrate and the oxidants such as non-classical hydrogen bonding between the rather basic Table 3 Kinetic data for oxidation reactions with complexes 4-6.
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(a) equilibrium constants of adduct formation between the oxidant and 1-propanol and the thermodynamic parameters; (b) pseudo-first-order rate constants and the activation parameters for oxidation of 1-propanol at various temperatures; (c) equilibrium constants of the adduct formation and pseudo-first-order rate oxo ligand and the substrate C-H bond. 37 In addition, the larger rate constants for the oxidation of EBS compared to those for the oxidation of 1-propanol can be ascribed to the feasibility of the hydrogen atom abstraction from EBS than that from 1-propanol as can be predicted from the values of bond dissociation energies 5 (BDEs) of C-H bonds: 84.6 kcal/mol for ethylbenzene and 93.7 kcal/mol for 1-propanol.
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Kinetic isotope effects on the oxidation of methanol
In order to obtain the further information on the oxidation process, studies of the kinetic isotope effects (KIE) with the three Ru IV =O 10 complexes were conducted for the oxidation of methanol at 297 K. The KIE values were determined as the ratio of the rate constants (k H /k D ) for the oxidation reactions of CH 3 OH and deuterated methanol derivatives (Fig. 8 & Fig. S17 in ESI) . reactions were monitored by UV-Vis spectroscopy to track the rise of the absorbance due to the Ru II species formed.
The pseudo-first-order rate constants for the methanol oxidation also displayed saturation behaviors as in the cases of 1-propanol and EBS as described above. The equilibrium constants 25 and the first-order rate constants are summarized in Table 4 . The pre-equilibrium constants are larger in the cases of oxidation of CD 3 OH in comparison with those of CH 3 OH for all the three oxidants; however, those for CH 3 OD were comparable to those for CH 3 OH. The KIE values for the hydroxy group, which were 30 determined by using CH 3 OH and CH 3 OD as substrates, were negligible for the three oxidants to be 1.0 for 4 and 1.1 for 5 and 6 (Table 4 ). In contrast, the oxidation of CD 3 OH was clearly retarded as compared to that of CH 3 OH to show KIE values to be 2.5 for 4, 2.3 for 5, and 1.7 for 6 (Table 4 ). The KIE values of 35 CH 3 OD vs. CD 3 OH indicate that the hydrogen abstraction from the methyl group is involved in the rate-determining step, however, the hydrogen abstraction from the OH group is not Fig. 8 Pseudo-first-order kinetic analysis for oxidation reactions 40 of CH 3 OH (blue line), CD 3 OH (red line) and CH 3 OD (green line) with complex 6 as oxidants at 297 K. CH 3 OH and the deuterated derivatives (CD 3 OH and CH 3 OD) were used as substrates. Fig. 9 Plausible hydrogen bonding between seven-coordinate Ru IV =O complexes with an aqua ligand and methanol.
involved in the rate-determining step.
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The α-C-H bond in a hydrogen-bonded alcohol can be oriented to the oxo ligand to undergo hydrogen atom abstraction to give rise to a tightly condensed transition state, as reflected on the negatively large entropy (ΔS ‡ ), -201±3 J K -1 mol -1 for 4, -215±2 J K -1 mol -1 for 5, and -225±10 J K -1 mol -1 for 6, as given 55 in Table 3 . These data lend credence to the formation of a hydrogen-bonded and well-organized transition state as presented in Fig. 9 .
Reactivity of Ru(IV)-oxo complexes with different spin states
In light of the kinetic parameters listed in Tables 3 and 4, no   60 significant difference in the reactivity was recognized among the three kinds of Ru IV =O oxidants showing different spin states for the substrate oxidation reactions. Slight change in the rate constants was observed in relation to the oxidizing ability of the Ru(IV)-oxo complexes: The rate constants of 4-6 show linear 65 relationships with the one-electron reduction potentials of 4-6 as demonstrated in Fig. 10 . This observation indicates that the slight difference in the reaction rates and the activation parameters is probably derived from the difference in the electron-accepting ability of the three Ru IV =O complexes, 35 but not from the of the metal center on the reactivity of transition-metal complexes 10 or organometallics. 39, 40 As a consequence, it has been demonstrated that the high-spin state can exhibit higher reactivity than the spin isomer at the low-spin state. 
Mechanistic insight into hydrogen atom abstraction
Three possible reaction mechanisms can be considered for the Hatom abstraction from substrates: One-step hydride transfer as a two-electron oxidation step, electron transfer followed by proton 25 transfer (ET/PT), and concerted proton-coupled electron transfer (PCET), in which a proton and an electron are transferred in a concerted manner. 43 Hydrogen atom transfer (HAT) reactions are also defined as the simultaneous transfer of an electron and proton between the same donor and acceptor. 44 However, PCET 30 reactions typically involve different acceptors for the electron and proton, 51 as in the present case where electron is transferred to the Ru(IV) center, but proton is transferred to the oxo ligand of Ru IV =O complexes. Because there is no significant difference in the reactivity between 1 with S = 1 and 2 and 3 with S = 0, the 35 one-step hydride transfer, which is spin-forbidden for 1 to give the product at the singlet state, is unlikely to occur. The observation of the deuterium kinetic isotope effect (vide supra) and the small slope of the linear correlations between log k and E 1/2 in Fig. 10 (0.7 at 308 K, 1.0 at 301 K, 1.4 at 288 K, and 1.3 at 40 280 K, respectively) indicate that the rate-determining step cannot be electron transfer. As pointed out by Hammarström and coworkers, 45 the rate constants of ET/PT should be much more sensitive to the driving forces (ΔG°) of electron-transfer reaction. Thus, a concerted PCET mechanism, [46] [47] [48] [49] [50] [51] 
Electrochemical generation of 4-6
A platinum mesh and a platinum wire employed as a working electrode and a counter electrode, respectively, were polished with 3M HNO 3 (aq) and rinsed well with water and dried before use. A silver wire was electrochemically oxidized in 0.1 M 20
HCl(aq) to generate an AgCl thin layer on the surface, which reached to 1 cm high from the tip of the wire. The Ag/AgCl wire was used as a reference electrode. These three electrodes were immersed in 0.5 mM sample solutions in B.-R. buffer (2 mL) in a electrochemical vessel equipped with an optical cell of 2-mm 25 optical path length. 27 To this electrochemical system was loaded +1.3 V (vs. Ag/AgCl) potentiostatic voltage for 60 min with use of an AUTOLAB PGSTAT12 potentiometer, and the process of the reaction was monitored by UV-Vis spectroscopy. After adding CAN (0.2 M) to the solution, the solution was stirred for 1 h at 23 °C and then 1 H NMR spectrum of the resulting solution was measured to determine the yield of the oxidation product. The catalytic oxidation of p-methylbenzyl 40 alcohol with each catalyst was done for three times to check the reproducibility. For other substrates, the experiments were done for one time with each the catalyst.
General procedures for catalytic oxidation reactions of
Kinetic studies on oxidation reactions with Ru IV =O species
The Ru IV =O species, 4, 5 and 6 (0.5 mM) were generated in B.-R. 
enriched H2
18 O and then oxidized with CAN into 6, but as the substitution rate of the aqua ligand in 3 was slow, thus the enriched efficiency of 6 observed with ESI MS spectrum was about 50%. 29 The Raman scatterings derived from the Ru IV =O moiety in 6 and the 18 O-derivative were very weak, because the Ru(IV)-oxo complex 100 underwent facile photo-conversion to afford the corresponding aqua-complex 3 by the laser excitation at 353 nm. Details of the photo-conversion are currently under investigation. 30 T. Kojima, K. Nakayama, K. Ikemura, T. Ogura and S. Fukuzumi, J. Am. Chem. Soc., 2011, 133, 11692. 105 31 In this experiment, 10 mol equiv of CAN was required despite that the theoretical requirement was only 2 mol equiv. The reason may result from the relation between the stability of CAN and the solution pH. In fact, UV-Vis experiments indicated that 10 mol equiv CAN was required to fully oxidize 3 into 6 in neutral water, 110 whereas the reaction was completed with addition of 2 mol eq of CAN in B.-R. buffer (pH 1.8) (Fig. S8 in ESI) . 32 The assignment of the 1 H NMR signals of the pyridine rings was made by a differential NOE spectrum of complex 6 in D2O. The signal due to 3-H of the N2-and N3-pyridine rings at 9.00 ppm 115 showed a correlation with the signal assigned to the methine proton at 7.41 ppm (Fig. S10 in ESI) . 33 Experimental details of the controlled experiments are described in ESI and the 1 H NMR spectra of the selected examples for the oxidation reaction of the substrates with CAN only are shown in Fig.   120 
